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METHODS FOR IMPROVING DAMAGED 
RETINAL CELL FUNCTION 


This application claims the benefit of provisional appli- 
cation serial no. 60/301,877, entitled “METHOD OF 
IMPLANTING A RETINA STIMULATION DEVICE FOR 
GENERALIZED RETINAL ELECTRICAL STIMULA- 
TION”, filed Jun. 29, 2001, and is hereby incorporated by 
reference in its entirety. 


FIELD OF THE INVENTION 


The present invention is directed to improving retinal cell 
visual function in partially damaged and/or degenerated 
retinas and also to protecting retinal cells from degeneration. 


BACKGROUND 


Many human retinal diseases cause vision loss by partial 
to complete destruction of the vascular layers of the eye that 
include the choroid and choriocapillaris, both of which 
nourish the outer anatomical retina and a portion of the inner 
anatomical retina of the eye. 

Many other retinal diseases cause vision loss due to 
partial to complete degeneration of one or both of the two 
anatomical retinal layers directly, due to inherent abnormali- 
ties of these layers. The components of the retinal layers 
include Bruch’s membrane and retinal pigment epithelium 
which comprise the “outer anatomical retinal layer”, and the 
photoreceptor, outer nuclear, outer plexiform, inner nuclear, 
inner plexiform, amacrine cell, ganglion cell and nerve fiber 
layers which comprise the “inner anatomical retinal layer”, 
also known as the “neuroretina”. The outer portion of the 
neuroretina is comprised of the photoreceptor and bipolar 
cell layers and is also known as the “outer retina" which is 
to be distinguished from the “outer anatomical retinal layer” 
as defined above. Loss of function of the outer retina is 
commonly the result of dysfunction of the outer anatomical 
retinal layer that provides nourishment to the outer retina 
and/or to direct defects of the outer retina itself. The final 
common result, however, is dysfunction of the outer retina 
that contains the light sensing cells, the photoreceptors. 
Some of these “outer retina" diseases include age-related 
macula degeneration, retinitis pigmentosa, choroidal dis- 
ease, long-term retinal detachment, diabetic retinopathies, 
Stargardt's disease, choroideremia, Best's disease, and rup- 
ture of the choroid. The inner portion of the neuroretina, 
however, often remains functionally and anatomically quite 
intact and may be activated by the appropriate stimuli. 

While researchers have reported efforts to restore visual 
function in humans by transplanting a variety of retinal cells 
and retinal layers from donors to the subretinal space of 
recipients, no sustained visual improvement in such recipi- 
ents has been widely accepted by the medical community. 

Multiple methods and devices to produce prosthetic arti- 
ficial vision based on patterned electrical stimulation of the 
neuroretina in contact with, or in close proximity to, the 
source of electrical stimulation are known. These devices 
typically employ arrays of stimulating electrodes powered 
by photodiodes or microphotodiodes disposed on the epireti- 
nal side (the surface of the retina facing the vitreous cavity) 
or the subretinal side (the underneath side) of the neu- 
roretina. Such methods and implantable prosthetic electrical 
devices, designed to replace missing and damaged cells, are 
used to partially treat blindness in which the outer retinal 
cells have degenerated, but where the inner retinal layer is 
at least partially intact. Known devices typically employ 
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arrays of stimulating electrodes powered by photodiodes or 
microphotodiodes (components that produce an electrical 
current or voltage potential in response to light) disposed on 
the epiretinal side or the subretinal side of the neuroretina. 
These devices can improve light perception. For example, 
subretinal implantation at discrete retinal locations has been 
shown to mimic light perception-mediated signaling; in one 
study (Chow and Chow, 1997), electrodes powered by 
external photodiodes were implanted in the subretinal space 
of adult rabbits. When the photodiodes, but not the rabbits* 
eyes themselves, were exposed to a flash of light, signaling 
in the brain visual cortex resembled that induced by light 
stimulation of the eyes. Further animal studies have dem- 
onstrated the safety and efficacy of such devices (Peachey 
and Chow, 1999). 

Examples of devices designed to be implanted predomi- 
nantly subretinally include “Surface Electrode Microphoto- 
diodes" (SEMCPs) (Chow, U.S. Pat. No. 5,024,223, 1991), 
Independent Surface Electrode Microphotodiodes (ISEM- 
CPs and ISEMCP-Cs) (Chow and Chow, U.S. Pat. No. 
5,397,350, 1995; Chow and Chow, U.S. Pat. No. 5,556,423, 
1996), multi-phasic microphotodiode retinal implants 
(MMRIs, such as MMRI-4) (Chow and Chow, U.S. Pat. No. 
5,895,415, 1999), and VGMMRIs (Chow and Chow, U.S. 
application Ser. No.09/539,399, 2000). All these devices can 
be generically called Silicon Retinal Prostheses (SRP). 
MMRIs and VGMMRIS are designed to be used by them- 
selves alone, or with an externally worn adaptive imaging 
retinal stimulation system (AIRES). These implants effec- 
tively improve perception of light and dark. 

Cellular electrical signals also play important develop- 
mental roles, enabling nerve cells to develop and function 
properly. For example, nerve cells undergo constant remod- 
eling, or *arborization", during development related to elec- 
tric signaling. First an extensive preliminary network is 
formed that is then “pruned” and refined by mechanisms that 
include cell death, selective growth, loss of neurites (axonal 
and dendritic outgrowths), and the stabilization and elimi- 
nation of synapses (Neely and Nicholls, 1995). If a neuron 
fails to exhibit or is inhibited from transducing normal 
electrical activity during arborization, axons fail to retract 
branches that had grown to inappropriate positions. 

The application of electric currents to organ systems other 
than the eye is known to promote and maintain certain 
cellular functions, including bone growth, spinal cord 
growth and cochlear spiral ganglion cell preservation 
(Acheson et 81., 1991; Dooley et 81., 1978; Evans et al., 
2001; Kane, 1988; Koyama et al., 1997; Lagey et al., 1986; 
Leake et al., 1991; Leake et al., 1999; Politis and Zanakis, 
1988a; Politis and Zanakis, 1988b; Politis and Zanakis, 
1989; Politis et al., 19888; Politis et al., 1988b). 

In other studies, the application of growth and neu- 
rotrophic-type factors was found to promote and maintain 
certain retinal cellular functions. For example, brain-derived 
neurotrophic factor (BDNF), neurotrophin-4 (NT-4), neu- 
rotrophin-5 (NT-5), fibroblastic growth factor (FGF) and 
glial cell line-derived neurotrophic factor (GDNF) have 
been shown to enhanced neurite outgrowth of retinal gan- 
glion cells and to increase their survival in cell culture. 
GDNF has been shown to preserve rod photoreceptors in the 
rd/rd mouse, an animal model of retinal degeneration. Nerve 
growth factor (NGF) injected into the intra-ocular area of the 
C3H mouse, also a model of retinal degeneration, results in 
a significant increase of surviving photoreceptor cells com- 
pared to controls (Bosco and Linden, 1999; Caleo et al., 
1999; Carmignoto et al., 1989; Cui et al., 1998; Frasson et 
al., 1999; Lambiase and Aloe, 1996; Reh et al., 1996). No 
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methods or devices, however, to improve the general inher- 
ent visual function of damaged retinal cells distant from a 
source of electrical stimulation through the use of chronic 
electrical stimulation applied to the neuroretina from either 
within the eye or in direct contact with the outside of the eye 
are known. Also unknown is the application of growth or 
neurotrophic-type factors to further improve the ability of an 
electrical retina prosthesis that applies chronic electrical 
stimulation to the eye to improve retinal visual function. 


SUMMARY 


In one aspect, the invention provides a method of improv- 
ing visual function that includes the perception of brightness 
in the presence of light, the perception of darkness in the 
absence of light, the perceptions of contrast, color, resolu- 
tion, shape, motion, and visual field size of a damaged retina 
in a human eye by applying electrical stimulation to the 
damaged retina, eye or to both with a source of electrical 
stimulation wherein this electrical stimulation improves 
visual function of at least a portion of the damaged retina not 
in contact with the source of electrical stimulation. 

In another aspect, the invention provides methods of 
treating primary and secondary visual degradation resulting 
from a damaged retina by applying electrical stimulation to 
the eye with the damaged retina with a source of electrical 
stimulation, wherein a portion of the damaged retina not in 
contact with the source of electrical stimulation is treated. 
The damaged retina, for example, may comprise damaged 
photoreceptor cells, and such cells peripheral to the source 
of electrical stimulation exhibit improved visual function as 
a result of the electrical stimulation. 

Both of these aspects of the invention may have the 
following characteristics. Conditions that result in damaged 
retinas that may be treated with the various embodiments of 
the invention include age-related macular degeneration, 
retinitis pigmentosa, long-term retinal detachment, diabetic 
retinopathies, Stargardt's retinopathy, Leber's congenital 
amaurosis, Best's Disease, and choroidal disease or damage. 
Electrical stimulation may be, for example, provided to the 
retina or eye. Electrical sources include, e.g., a device or 
devices that contacts the eye or retina; when electrical 
stimulation is provided via this device or devices, at least a 
portion of the damaged retina distant, peripheral (or both) to 
the portion of the retina in contact with the device exhibits 
improved visual function. Suitable devices that provide 
electrical stimulation may have at least one photoactive 
surface (having one or more photodiodes) that is electrically 
connected to at least one stimulating electrode. Useful 
devices include Retinal Stimulation Devices (RSDs) com- 
prising at least one of each: substrate, photoconductive/ 
photovoltaic photodetector, such as a photodiode and/or 
related devices, stimulating electrode, and ground return 
electrode. RSDs may further comprise an electrical ground 
and an insulated conductor and a silicon tail. The substrate 
may also be fenestrated. The stimulating electrode of an 
RSD may be, for example, an anode or a cathode; the ground 
return electrode comprising an opposite polarity of the 
stimulating electrode. Examples of RSDs include ISEMCPs, 
ISEMCP-Cs and MMRIs. Electrical stimulation may be 
applied in response to light or may be applied intermittently 
in concert with or independently of light. The device may 
also comprise an inductive receiver and/or a solar cell, 
and/or a battery. The device may also comprise at least one 
electrode placed in contact with any portion of the eye and 
electrically connected to a source of stimulating current. 
Suitable locations of the eye for stimulation include, but are 
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not limited to, the subretinal space, the epiretinal space, the 
subscleral space, the subconjunctival space, the vitreous 
cavity and the anterior chamber. Useful voltage potentials 
(V‚’s) of electrical stimulation are -20V SV, S «20V. 

In a further aspect, the invention provides a method of 
improving visual function in a damaged macula of a human 
eye by first selecting at least one device that is configured to 
generate an electrical current in response to light exposure; 
the device having at least one pixel; and implanting this 
device (or devices) in the subretinal space in a position that 
is peripheral to the macula. 

In another aspect, the invention provides a method of 
improving visual function by implanting a device in an eye 
of a patient having an outer neuroretina disease (such as 
age-related macular degeneration, retinitis pigmentosa, 
long-term retinal detachment, diabetic retinopathies, Star- 
gardt’s retinopathy, Leber’s congenital amaurosis, Best’s 
Disease or choroidal disease or injury), the method com- 
prising selecting at least one device configured to generate 
an electrical current in response to exposure to a source of 
light, each of the at least one devices comprising at least one 
pixel; and implanting the device in a subretinal space in an 
eye of the patient having the outer retina disease, wherein 
the device is positioned in one of a peripheral and mid- 
peripheral region in the subretinal space outside of a macula 
of the eye. The device or devices may be implanted at a 
position in the subretinal space between about a 5° and an 
80° angle off-axis from the macula, wherein the angle is 
defined by an intersection of an axis line extending from the 
macula to a central portion of the pupil and an off-axis line 
extending from the device to the central portion of the pupil. 
The device or devices may be implanted in any region of the 
retina, e.g. the temporal and/or nasal half retina region of the 
eye, or symmetrically around a region centered by the 
macula. 

In another aspect, the invention provides methods of 
implanting a device in a human eye, the method comprising 
implanting at least one device in one of a peripheral and 
mid-peripheral region in the subretinal space outside of the 
macula, wherein the device(s) is configured to generate an 
electrical current in response to exposure to a source of light, 
the device(s) comprising at least one pixel, and wherein the 
device is positioned away from a region of damaged retinal 
cells. 

In all aspects of the invention, the devices used in these 
methods to improve visual function of a damaged retina may 
be surgically implanted into the subretinal space at an angle 
between about 5° and 80° off-axis from a macula, wherein 
the angle is defined by an intersection of an axis line 
extending from the macula to a central portion of a pupil, 
and an off-axis line extending from the device to the central 
portion of the pupil. The device (with or without at least one 
fenestration) may be surgically implanted in at least one 
sector of a retina, excluding the macula. The device or 
devices may be implanted in the temporal or nasal (or both) 
half retina region of the eye, or symmetrically around a 
region centered by the macula. 


BRIEF DESCRIPTION OF THE DRAWINGS 


FIG. 1A presents top cross-section of a human eye. 

FIG. 1B presents a cross-section through the human eye 
that include the layers of the outer and inner anatomical 
retina, as indicated by the inset of FIG. 1A. 

FIG. 2A is a plan view of a preferred embodiment of RSD, 
showing the general plan structure of RSDs. 
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FIG. 2B is a section view of a preferred embodiment of 
this invention at I—I of FIG. 2A showing the general 
sectional structure of RSDs. 

FIG. 2C is a section view showing the placement of a 
RSD of FIGS. 2A and 2B in the subretinal space of the eye. 

FIG. 3A is a plan view of another preferred embodiment 
of the RSD showing the silicon tail of the RSD that contains 
the ground return electrode. 

FIG. 3B is a sectional view of the preferred embodiment 
of the RSD of this invention at II—II of FIG. 3A. The inset 
is a magnified portion of FIG. 3B. 

FIG. 3C is a section view showing the placement of the 
RSD of FIGS. 3A and 3B in the subretinal space of an eye 
with the silicon tail and ground return electrode in the 
vitreous cavity. 

FIG. 3D is a cross-sectional view ofthe modified embodi- 
ment of FIGS. 3A and 3B showing the main photodiode 
portion of the RSD in the subretinal space and the extended 
tail of the RSD in the anterior chamber of the eye where it 
terminates in a photodiode array connected in series and/or 
parallel with the main photodiode of the RSD to provide 
additional voltage and/or current to stimulate the retina. In 
this latter device the ground return electrode is located on the 
photodiode array placed in the eye's anterior chamber. 

FIGS. 4A and 4B are plan and sectional views respec- 
tively of yet another preferred embodiment of a RSD 
showing at least two photodiodes electrically connected in 
series on the RSD to increase the voltage and resultant 
current output of the device. The sectional view 4B is 
through JI 一 II of the plan view 4A. 

FIGS. 5A and 5B are plan and sectional views respec- 
tively of yet another preferred embodiment of a RSD 
showing an Opsistor photodiode electrical configuration in 
the RSD to allow biphasic stimulating currents to be pro- 
duced that are modulated by different wavelengths of light. 
The sectional view 5B is through IV—IV of the plan view 
5A. 

FIG. 6 is a perspective view of yet another preferred 
embodiment of a RSD, fabricated with fenestrations. 

FIG. 7 is a cross-sectional view of yet another embodi- 
ment of this invention showing an RSD of FIGS. 2A and 2B 
where the RSD implanted on the epiretinal surface of the 
retina and secured to the retina by tacks. 

FIG. 8 is a cross-sectional view of yet another embodi- 
ment ofthis invention showing the RSD of FIGS. 2A and 2B 
where the RSD is implanted between the conjunctiva and the 
scleral surface. 

FIG. 9 is a cross-sectional view of an embodiment show- 
ing an array of retina stimulation devices positioned in an 
eye in the periphery and/or mid-periphery outside the 
macula. 


DETAILED DESCRIPTION OF THE 
PRESENTLY PREFERRED EMBODIMENTS 


In the course of testing for the safety and efficacy of 
retinal implants in humans blinded by retinitis pigmentosa, 
an unexpected and surprising observation was made: even 
though the implants were placed at a discrete location in the 
subretinal space (acting as a prosthesis), vision was 
improved not only in those discrete locations as expected, 
but also in distant locations of the retina. Thus chronic 
electrical stimulation in specific locations enhanced retinal 
cell function throughout the eye. This “halo effect" can be 
used to improve vision in those individuals who suffer from 
diseases, conditions and traumas that have damaged the 
outer retinal layer but leave the inner retinal layer at least 
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partially intact. Although prosthetic electrical devices 
designed to replace damaged or missing retinal cells have 
been used to treat vision loss caused by outer retinal degen- 
eration, electrical stimulation to improve large areas of 
retinal cell visual function is novel. As a non-limiting 
explanation, the promotion of improved retinal cell visual 
function by chronic electrical stimulation may be explained 
by the stimulation of production and release of growth 
factors; more specifically, neurotrophic-type growth factors, 
by the stimulated retinas. The synthesis and/or secretion of 
neurotrophic factors would then improve retinal cell func- 
tion and survival in conditions where these activities would 
be lost. 

The present invention discloses both devices and novel 
methods to electrically stimulate the retina to improve large 
areas of retinal visual function and to protect the retina from 
degeneration. 

Definitions 

Subject/patient 

A subject (patient) may be a human being or a non-human 
animal, but is preferably a human. Usually the individual has 
suffered some type of retinal damage and/or degeneration 
that results in some degree of visual loss and/or has a 
condition that will result in retinal damage and/or degen- 
eration. À normal (healthy) subject does not have a condition 
that will result in retinal damage and/or degeneration and/or 
has not suffered retinal damage and/or degeneration. 

Improving Visual Function 

Improving visual function refers to improving a targeted 
function of the eye, selected by the artisan, and includes 
improving any to all of the following capabilities of the eye, 
retina and visual system: perception of brightness in the 
presence of light, perception of darkness in the absence of 
light, perceptions of contrast, color, shape, resolution, move- 
ment and visual field size. 

Primary visual degradation means loss of visual function 
due to malfunctioning, damaged or degeneration of struc- 
tures found in the eye. Secondary visual degradation means 
loss of visual function due to secondary damage, typically 
from lack of use of the vision-associated portions of the 
brain. Improving visual function means to improve the 
visual function of primary visual degradation, secondary 
visual degradation or both. 

Eye/eyeball 

The eye (or eyeball) has the usual definition in the art. Eye 
includes all interior and exterior surfaces, components, 
contents and cavities of the eye. The eye does not include the 
eyelid. 

The retina of the eye can be divided into sectors as is 
commonly accepted in the art. Such sectors are described by 
the use of the terms temporal, nasal, superior, inferior, by 
clock hour designation, and by the number of degrees away 
from the macula. For example, the temporal sector of the 
retina is the retina temporal to a perpendicular plane cutting 
through retina from the 12 o'clock to the 6 o'clock positions 
and through the macula. In another example, the superior 
sector is the retina superior to a perpendicular plane cutting 
through the 9 o'clock to 3 o'clock positions and through the 
macula. In a further example, the superior-temporal sector is 
the intersection of these two sectors, a pie-shaped area 
delineated from the 9 o'clock position of the peripheral 
retina to the macula and then clockwise to the 12 o'clock 
position. More specific locations of the retina can be des- 
ignated by degrees away from the macula and clock hour 
location: for example, 20 degrees away from the macula at 
the 3 o'clock (nasal) position. The number of degrees away 
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from the macula is in visual axes degrees. These axes all 
intersect through the lens of the eye. 

The visual field sectors correspond oppositely to the 
retinal sectors as is commonly understood in the art. For 
example, the superior-temporal sector of the retina corre- 
sponds to the inferior-nasal portion of the visual field. 

Peripheral 

To be peripheral to an object, device or other landmark 
includes all surrounding parts, but not the object, device or 
landmark, i.e., the object, device or landmark, together with 
the peripheral portion, constitutes the whole. 

Light 

Light refers not only to the electromagnetic spectrum that 
humans can readily perceive visually (approximately 400 
nm to 750 nm), but also includes ultraviolet light (<400 nm 
in wavelength) as well as infrared light (>750 nm in wave- 
length). 

Indications 

The invention can be used to improve visual function in 
subjects in which the retina is damaged by disease, degen- 
eration, condition, or trauma and/or to slow down or stop the 
progression of damage by disease, degeneration, condition 
or trauma. Common diseases, conditions, degeneration or 
trauma that are particularly amenable to this treatment 
include age-related macula degeneration, retinitis pigmen- 
tosa, Leber's congenital amaurosis, Stargardt’s disease, 
Best’s disease, diabetic retinopathy, long-term retinal 
detachment, and choroidal damage. 

Eye structure 

Referring to the drawings, FIG. 1A illustrates a section 
through the eyeball. The neuroretina 150 comprises multiple 
layers of cells and structures (see FIG. 1B). The photore- 
ceptor components of the retina are situated within the 
neuroretina which covers the internal posterior cavity of the 
eye, terminating anteriorly at the ora serrata 167. The ciliary 
body 168 and the iris 162 are covered by extensions of the 
retina, lacking photoreceptor components. The outermost 
layers of the eye consist of the sclera 164 and cornea 158. 
The sciera is pierced by the emerging optic nerve 166. The 
lens 160 and vitreous cavity 154 are also indicated. The 
macula 169 of the retina is typically a 3 mm by 5 mm oval 
region, at the center of which is the fovea 170. 

The layers of the eye at the posterior pole from inside to 
outside are shown in FIG. 1B: internal limiting membrane 
40, nerve fiber layer 42, ganglion and amacrine cell layer 44, 
inner plexiform 46, inner nuclear layer 48, outer plexiform 
50, outer nuclear and bipolar cell layer 52, and photorecep- 
tor layer 54, all of which constitute the anatomical inner 
retinal layer, also known as the neuroretina 56. The retinal 
pigment epithelium 58, and Bruch's membrane 60 constitute 
the outer retinal layer 62. The choriocapillaris 64, and 
choroid 66 comprise the choroidal vasculature 68. The outer 
coat of the eye is the sclera 70. Light 156 enters the retina 
as shown. 

Devices 

Any device that provides (or can apply) electrical stimu- 
lation, diffuse or discrete, to the eye can be used as a source 
of electrical stimulation. Preferably, these devices are retina 
stimulation devices (RSDs); more preferably, the RSDs are 
powered by incident light, ambient and/or amplified, 
although other means, such as batteries, external solar cells, 
supplied electrical current or potential voltage, may also be 
used. Such external power may be provided to the RSDs via 
direct electrical conductor and/or by electromagnetic power 
such as but not limited to radio frequency signals and light. 
The RSDs may be supplied such external power in a pattern 
such as cyclically, and/or in complex waveform patterns. 
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Such external power provided to the RSDs may also be 
activated and deactivated by a user at will, which may be 
desirable when a user is sleeping. One or a plurality of 
devices may be used to apply electrical stimulation. 

A variety of electrical devices have been described 
(Chow, U.S. Pat. No. 5,024,223, 1991; Chow and Chow, 
U.S. Pat. No. 5,397,350, 1995; Chow and Chow, U.S. Pat. 
No. 5,556,423, 1996; Chow and Chow, 1997; Chow et al., 
2001; Chow and Peachey, 1999; Chow and Chow, U.S. Pat. 
No. 5,895,415, 1999; Chow and Chow, U.S. Pat. No. 6,230, 
057 131, 2001), and are hereby incorporated by reference. 

The RSD is preferably a disk-shaped silicon chip device, 
approximately 2 mm in diameter and 25 hm in thickness, 
comprising one or more groups of one or more photodiodes 
electrically connected in series, having one or more stimu- 
lating electrodes and one or more ground return electrodes. 
The RSD can be flexible or rigid and may be designed to 
conform to the structural curvature of the outside or inside 
ofthe eye, the subretinal space, the epiretinal surface, and/or 
the subscleral space. Also, the RSD may consist of multiple 
electrically isolated subunits connected by a flexible mesh. 
RSDs may be fabricated to function suitably with diameters 
that vary from 0.005 to 25 mm, and thicknesses that vary 
from 0.2 um to 1000 um, although those skilled in the art 
will appreciate that dimensions falling outside of the afore- 
mentioned values may also be suitable. The stimulating 
electrode or electrodes contacting the epiretinal or the sub- 
retinal side of the neuroretina may be the anode or cathode 
with the ground return electrode being the opposite polarity 
of the stimulating electrode. If the electrodes are on the eye 
surface, the stimulating electrode or electrodes contacting 
the outside of the eye may also be the anode or the cathode 
with the ground return electrode being the opposite polarity 
of the stimulating electrode. 

In a preferred embodiment, the silicon chip RSD is a 
single photodiode 2 mm diameter and 25 um thick with its 
photoactive surface facing incident light and its retinal 
stimulating electrode disposed on the same surface and 
electrically connected to the photodiode. On the opposite 
surface of the RSD is an electrode electrically connected to 
the photodiode that serves as the ground return electrode for 
the RSD. In use, the RSD silicon chip is preferably 
implanted surgically into the subretinal space of an eye in a 
paracentral location relative to the macula (i.e., peripheral to 
the macula). In this embodiment, it is preferred that the 
retinal stimulating electrode on the photoactive surface of 
the RSD photodiode is in contact with the inner retina from 
the subretinal space and is facing incident light, and the 
electrode is a cathode. Diffuse electric currents developed by 
the cathode, when the RSD is exposed to light, stimulate the 
neuroretina above, surrounding, and at a distance from the 
RSD to improve the damaged retina's inherent visual func- 
tion. Such visual function improvement has been observed 
in a clinical study involving multiple patients implanted with 
such devices, resulting from chronic subretinal electrical 
stimulation produced by an implanted, high pixel density, 
artificial silicon retina device. However, it is recognized that 
a high pixel density of a retina stimulator is not necessary to 
achieve a general electrical stimulation of the retina. If 
needed, more than one RSD 15 implanted in an eye to 
stimulate a larger area of retina, and multiple RSDs would 
preferably be implanted in paracentral locations relative to 
the macula such as one in each of the four paracentral 
quadrants, approximately, but not limited to, 5 to 80 degrees 
peripheral to the macula. 

In another preferred embodiment, the electrical ground of 
the RSD is brought into the vitreous cavity via an insulated 
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conductor preferably fabricated on a silicon tail that is part 
of the RSD with an exposed ground return electrode at the 
end of the conductor on the tail. This configuration directs 
the electrical current flow more efficiently between the 
stimulating and ground return electrodes of the RSD into a 
more through-the-retina, transretinal route and also through 
a smaller area of the neuroretina compared to the first RSD 
embodiment without this tail configuration. A modification 
of this preferred embodiment extends the tail into the lens 
capsule of the eye where it terminates in a photodiode array 
connected in series and/or parallel with the main RSD to 
provide additional voltage and/or current to stimulate the 
neuroretina. The purpose of placing the photodiode array in 
the lens capsule is to allow the photodiode array to be 
exposed to brighter intensities of incident light. In this 
modification of the preferred embodiment, the ground return 
electrode is located on the photodiode array placed in the 
lens capsule. 

In yet another preferred embodiment, at least two photo- 
diodes are fabricated on the RSD that are electrically con- 
nected in series to produce higher voltages and higher 
resultant currents than is possible without such series con- 
nections. The RSD is fabricated in versions where the 
ground return electrode is located either in the subretinal 
space, or in the vitreous cavity at the end of a silicon tail 
(Chow and Chow, U.S. application Ser. No. 09/539,399). 

In yet another preferred embodiment, at least two photo- 
diodes are fabricated on a RSD and electrically connected in 
a reverse parallel manner such as in an Opsistor fashion 
(Chow and Chow, U.S. Pat. No. 5,837,995, 1998) to provide 
biphasic and variable levels of stimulating electric currents 
both controlled by the use of different wavelengths of 
external visible and/or infrared light. 

In yet another preferred embodiment, fenestrations are 
fabricated into any of the aforementioned preferred embodi- 
ments of the RSD. The fenestrations allow nourishment and 
oxygen to flow beneficially from the choroidal circulation 
and the outer anatomical retina into the inner anatomical 
retina for RSDs placed in the subretinal space. 

With regard to FIG. 1B, when an RSD 10 is inserted in the 
subretinal layer, it is inserted within the retina between the 
inner retinal layer 56 (that may or may not contain a 
functional photoreceptor layer 54) and the outer retinal layer 
62, in the potential space zone 72. The overlying inner 
retinal layer consisting of photoreceptors and their cell 
bodies 54, 52, bipolar cells 48 and horizontal cells 52 are 
also shown. The bipolar cells 48 and ganglion cells 44 are in 
the innermost area of the inner retinal layer, processing 
visual cues such as electric signals for distant transmission 
through the optic nerve to the brain. 

Referring to the drawings, as shown in FIGS. 2A and 2B, 
a preferred embodiment of the RSD 10 will serve as an 
example. In this embodiment, the RSD has a stimulating 
electrode side 12 and a ground return electrode side 16. The 
RSD is fabricated on a single thin silicon chip substrate 11 
and is implanted into the subretinal space. The stimulating 
electrode side 12 includes at least one stimulating electrode 
14a and the ground return electrode side 16 includes at least 
one ground return electrode 145. Electric current is produced 
by the RSD photodiode photodetector 18 but may be pro- 
vided by other and external current sources, such as a 
connected external power supply to the photodiode photo- 
detector. In the presence of such external current sources, the 
photodiode would also act in a photoconductor mode. 

In the embodiment of FIGS. 2A and 2B, the stimulating 
electrode 14a contacts the neuroretina from the subretinal 
space. The ground return electrode 145 contacts the retinal 
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pigment epithelium or the remnant of this structure also 
from the subretinal space. Also as shown in FIGS. 2A and 
2B, exemplary components of the preferred embodiment of 
RSD 10 include the thin P silicon substrate 11, an iridium/ 
iridium oxide stimulating electrode 14a, a titanium adhesion 
layer 15a, the N+ layer 16a, the intrinsic layer 17, the P+ 
layer 165, the titanium adhesion layer 155 for the iridium/ 
iridium oxide ground return electrode 14b. Although the 
embodiment as described is that of a NIP (negative-intrinsic- 
positive construction) device, those skilled in the art will be 
able to readily fabricate a PIN (positive-intrinsic-negative 
construction) device based on the aforementioned descrip- 
tion that is also suitable for retinal stimulation. The photo- 
diode 18 or other electrical source preferably provides 
stimulation to the neuroretina from the subretinal side of the 
eye. Alternatively, the electrical source for stimulation could 
be provided from outside the eye. For example, an electrical 
voltage/current source such as a programmed DC or AC 
power supply-could send voltage and current via hardwiring 
to an electrode or electrodes in the subretinal space or even 
into the vitreous cavity of the eye. In another embodiment, 
a power source could transmit a signal in a wireless fashion 
into the eye using, for example, radio frequency (RF) 
telemetry systems to send signals to a coil located in the eye 
that communicates with the stimulation and ground elec- 
trodes that convert the RF signal into electric current. In 
further embodiments, a power source external to the eye 
(e.g. a battery and current management electronics) may be 
used to deliver an electrical signal to at least one electrode 
of a retina stimulation device implanted into a subretinal 
space outside of the macula. The external power source may 
supply the electrical signal to the RSD electrode in a wired 
or wireless manner, and the electrical signal can be related 
or unrelated to incident light. It will be obvious to those 
skilled in the art that other common mechanisms are also 
available for providing electrical energy into the eye to 
beneficially stimulate the retina. 

FIG. 2C is a cross-sectional view showing a preferred 
embodiment RSD 10 of FIGS. 2A and 2B implanted in the 
eye 6 in the subretinal space between the neuroretina 150 
and the retinal pigment epithelium 152. Light 156 entering 
the eye 6 through the cornea 158 and lens 160 is focused 
onto the RSD 10. Electrical current is generated by the RSD 
and provides beneficial stimulation to the overlying neu- 
roretina 150. For purposes of reference, other structures of 
the eye 6 that are shown are the iris 162, the sclera 164 and 
the optic nerve 166. 

Referring to FIGS. 3A and 3B, another preferred RSD 
embodiment of this invention 20 has a stimulating electrode 
unit 23 and a curved ground return electrode unit 26 con- 
figured for implantation into an eye such that the retinal 
device 20 may be positioned completely inside the eye and 
stimulate opposite or substantially opposite sides of the 
neuroretina. The two components 23 and 26 are preferably 
physically fabricated on a single thin silicon chip substrate 
22, but may be fabricated separately and then joined 
together. The stimulating electrode unit 23 includes at least 
one stimulating electrode 235 powered by one or more 
electrical sources such as a photodetector 23a or photode- 
tectors. In this embodiment, the photodetector is imple- 
mented as a photodiode 23a. 

In the embodiment of FIGS. 3A and 3B, the stimulating 
electrode 238 contacts the neuroretina from the subretinal 
side. The ground return electrode 24 is preferably disposed 
at or near the tip of the ground return electrode unit 26. The 
stimulating electrode 23b and the ground return electrode 24 
are disposed on opposite sides of a neuroretina, or if the 
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neuroretina is partially missing or damaged, then on oppo- 
site sides of the remainder of the neuroretina. In this 
embodiment, the stimulating electrode 23b is disposed in the 
subretinal space of the neuroretina and the ground return 
electrode 24 is disposed on the epiretinal side of the neu- 
roretina in the vitreous cavity. 

Also included with the ground return electrode unit 26 of 
FIGS. 3A and 3B is a silicon nitrite stress layer 27 that 
shapes the ground return electrode unit 26 in a generally 
curved shape to direct the ground return electrode unit 26 
into the vitreous cavity. Although a curve directs the ground 
electrode unit 26 into the vitreous cavity, other shapes can be 
used to perform the same function, such as an angled ground 
electrode. The ground return electrode 24 is preferably 
produced of iridium/iridium oxide and includes a titanium 
adhesion layer 24a and a P+ tub 24b disposed under a 
titanium adhesion layer 24a to allow electrical contact with 
the P doped silicon substrate 22. The retinal device 20 also 
preferably includes a silicon dioxide layer 25 that insulates 
the stimulating electrode unit 23 and ground return electrode 
unit 26. 

As shown in FIGS. 3A and 3B, the stimulating electrode 
unit 23 includes at least one photodiode 23a electrically 
connected to its stimulating electrode 235. The preferred 
number of photodiodes 23a is one per stimulating electrode 
unit 23. The layers of the photodiode 23a are, for example, 
from the incident light surface, the iridium/iridium oxide 
electrode 235, titanium adhesion layer 23c, N+ tub 23ፈ 
intrinsic layer 23e, the P doped silicon substrate 22, and the 
silicon dioxide insulating layer 25. Those skilled in the art 
will appreciate that other arrangements can be used where 
the stimulating electrode 235 provides electric current 
derived from other sources, such as an external power 
supply hard wired to electrode 238. Although the described 
preferred embodiment is that of a NIP device, those skilled 
in the art will be able to readily fabricate a PIN device based 
on the aforementioned description that is also suitable for 
retinal stimulation. 

Also shown in FIGS. 3A and 3B, the ground return 
electrode unit 26 preferably includes a positioning hole 25a 
that allows the retinal device 20 to be positioned surgically 
with instruments. The ground return electrode unit 26 in 
another embodiment includes notches 26a that allow a 
secure fit for attachments that have corresponding protru- 
sions that fit into the notches 26a, as described in more detail 
below. 

FIG. 3C is a cross-sectional view showing the second 
preferred embodiment RSD 20 of FIGS. 2A and 2B 
implanted in the eye 6. The stimulating electrode unit 23 is 
located in the subretinal space between the neuroretina 150 
and the retinal pigment epithelium 152 while the ground 
return electrode unit 26 is located in the vitreous cavity 154. 
Light 156 entering the eye 6 through the cornea 158 and lens 
160 is focused onto the RSD 20. Electrical current is 
generated by the RSD that provides beneficial stimulation to 
the overlying and surrounding neuroretina 150. For purposes 
of reference, other structures of the eye 6 that are shown are 
the iris 162, the sclera 164, the optic nerve 166, lens 160 and 
cornea 158. 

FIG. 3D shows a cross-sectional view of a modification 
20e of a preferred embodiment RSD of FIGS. 2A and 2B 
that includes a preferred embodiment RSD 20 as described 
in FIGS. 2A, 2B and 2C, and an attached tail extension 27 
that electrically connects with at least one bias photodiode 
28 preferably disposed in front of the iris 162 of the eye 6. 
The placement of at least one bias photodiode in this 
location allows the bias photodiode or photodiodes to be 
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better exposed to light, compared to ከ185 photodiodes, for 
example, disposed behind the iris. The bias photodiode 28 
also contains the extended location of the ground return 
electrode 29, and the bias photodiode or photodiodes 28 
provide additional voltage and/or current to the electrode 
stimulating unit 23 in the subretinal space. The bias photo- 
diode or photodiodes 28 are electrically connected together 
in a series or parallel configuration to provide increased 
voltage and/or current as needed, and as is known in the art. 
For reference, other structures of the eye 6 that are shown are 
the cornea 158, lens 160, sclera 164, neuroretina 150, retinal 
pigment epithelium 152 and optic nerve 166, and the inci- 
dent light images 156. 

FIGS. 4A and 4B are plan and sectional views respec- 
tively of another embodiment of a preferred RSD showing 
multiple photodiodes 32 and 33 electrically connected in 
series on the RSD 30 to increase the voltage output of the 
device. The sectional view 4B is through III—III of the plan 
view 4A. 

FIGS. 4A and 4B show the stimulating electrode unit 31 
includes at least two photodiodes 32 and 33 electrically 
connected in series to their stimulating electrode 33 and its 
ground electrode 34. The ground electrode unit 36, contains 
a positioning hole 34a. The preferred number of photodiodes 
per RSD 30 is two; however, based on the design of this 
RSD embodiment, one ordinarily skilled in the art can 
readily produce a device with additional photodiodes con- 
nected electrically in series to the stimulation electrode 335 
and ground return electrode 34. The layers of the photo- 
diodes 32 and 33 are, for example, from the incident light 
surface, an iridium/iridium oxide stimulating electrode 335, 
iridium/iridium oxide connecting straps 34c over titanium 
adhesion layers 33c, N+ tubs 33d, intrinsic layers 33e, the 
P+ layers 33f, channel stop region 35a, P silicon substrate 
31e, and silicon dioxide insulating layers 35. One ordinarily 
skilled in the art will appreciate that other arrangements 
could be used where the stimulating electrode 33b provides 
electric current derived from other sources such as a receiv- 
ing inductive coil implanted in the vitreous cavity and 
powered by an external transmitting inductive coil, or such 
as an external power supply hard wired to electrode 33b. 
Also, although the described preferred embodiment is that of 
a NIP device, a PIN device based on the aforementioned 
description that is also suitable for retinal stimulation. 

FIGS. 5A and 5B show that the stimulating electrode unit 
41 includes at least two photodiodes 42 and 43 electrically 
connected in a reverse parallel Opsistor fashion terminating 
in a stimulating electrode 47 and a ground return electrode 
44. The ground return electrode unit 46, contains a posi- 
tioning hole 44a. Preferably, the number of photodiodes per 
RSD 40 is two. However, more than two photodiodes per 
RSD are also contemplated. More detail on versions of these 
RSDs has been described (Chow and Chow, U.S. Pat. No. 
5,837,995, 1998; Chow and Chow, U.S. application Ser. No. 
09/564,841; Chow and Chow, U.S. application Ser. No. 
09/539,399; the entirety of these references is incorporated 
herein by reference). The photodiodes 42 and 43 receive 
power from incident light, and each photodiode is powered 
predominantly by a different wavelength of light as deter- 
mined by the light filters 45a and 455. Preferably, one light 
filter 45a or 45b passes a portion of visible and/or infrared 
light while the other filter passes another portion of visible 
and/or infrared light. The structures shown are the iridium/ 
iridium oxide stimulation electrode 47, iridium/iridium 
oxide ground return electrode 44, titanium adhesion layers 
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and titanium connecting straps 44c, N+ tubs 434, intrinsic 
layers 43e, P+ layers 43f, channel stop region 45a, P silicon 
substrate 41e, and silicon dioxide insulating layers 45. Other 
arrangements may be used where the stimulating electrode 
47 and ground return electrode 44 provide electric current 
derived from another source, such as an external power 
supply hard wired to the electrodes 47 and 44, or such as a 
receiving inductive coil implanted in the vitreous cavity and 
powered by an external transmitting inductive coil. 


FIG. 6 is a perspective view of another embodiment 50 of 
the RSDs shown in FIGS. 2A and 2B, and 3A and 3B. The 
stimulation electrode unit 52a of this preferred embodiment 
50 is similar to the stimulation electrode units of the pre- 
ferred embodiments of FIGS. 2A and 2B, and FIGS. 3A and 
3B except that the stimulation electrode unit 52a is perfo- 
rated. It is fabricated as a disk-shaped silicon web to allow 
nourishment to flow between the choroid and the neu- 
roretina, and it has at least one perforated electrode 53b 
encompassing the surface of the stimulation electrode unit 
52a. The ground return electrode unit 56 is fabricated with 
at least one positioning hole 54a and at least one ground 
return electrode is 54. 


FIG. 7 is a cross-sectional view showing another preferred 
RSD embodiment 60 implanted in an eye 6 on the epiretinal 
surface between the vitreous 154 and the neuroretina 150. 
This RSD embodiment 60 is similar to the RSD 10 of FIGS. 
2A and 2B. However, in this preferred RSD embodiment 60, 
the RSD is secured on the epiretinal surface by retinal tacks 
62 or a biocompatible glue as is well known to those skilled 
in the art. Light 156 entering the eye 6 through the cornea 
158 and lens 160 is focused onto the RSD 60. Electric 
current is generated by the RSD 60 to provide beneficial 
stimulation to the underlying neuroretina 150. Preferably the 
stimulation electrode that contacts the neuroretina is a 
cathode and the ground return electrode of the RSD 60 
contacts the vitreous fluid154 is the anode. However, the 
reversed position of the anode and the cathode is also 
suitable for electrical stimulation. For purposes of reference, 
other structures of the eye 6 that are shown are the iris 162, 
the sclera 164 and the optic nerve 166. 


FIG. 8 is a cross-sectional view showing another preferred 
RSD embodiment 70 implanted in an eye 6 on the anterior 
scleral surface between the conjunctiva 159 and the sclera 
164 preferably nasal or temporal to the cornea. This RSD 
embodiment 70 is similar to the RSD 10 of FIGS. 2A and 
2B. However, in this preferred RSD embodiment 70, the 
RSD is secured in the subconjunctival space by the con- 
junctiva 159 on the RSD 70 anterior surface and the sclera 
164 on the RSD 70 posterior surface. Light 156 passing 
through the conjunctiva 159 illuminates the RSD 70. Elec- 
tric potential is generated by the RSD 70 that provides 
beneficial stimulation to the neuroretina 150 via conduction 
through the sclera 164. It is preferred that the stimulation 
electrode that contacts the sclera 164 is a cathode and the 
ground return electrode of the RSD 70 that contacts the 
conjunctiva 159 is the anode. However, the reversed position 
of the anode and the cathode is also suitable for electrical 
stimulation. For purposes of reference, other structures of 
the eye 6 that are shown are the iris 162, the sclera 164 and 
the optic nerve 166. 


In addition to the preferred embodiments of the RSD 
described above, the devices in Table A are also preferred. 
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TABLE A 


Device References 


Artificial Silicon Retina (ASR TM) (Chow, U.S. Pat. No. 5,016,633, 
1991; Chow, U.S. Pat. No. 
5,024,223, 1991) 
(Chow and Chow, U.S. Pat. No. 
5,397,350, 1995; Chow and Chow, 
U.S. Pat. No. 5,556,423, 1996) 
(Chow and Chow, U.S. Pat. No. 
Microphotodiodes with an electrical — 5,397,350, 1995; Chow and Chow, 
capacitor (ISEMCP-Cs) U.S. Pat. No. 5,556,423, 1996) 
Multi-phasic Photodiode Retinal (Chow and Chow, U.S. Pat. No. 
Implants (MMRIs, such as MMRI-4) 5,895,415, 1999; Chow and Chow, 


Independent Surface Electrode 
Microphotodiodes (ISEMCP) 


Independent Surface Electrode 


U.S. Pat. No. 6,230,057 B1, 2001) 
Variable Gain Multi-phasic (Chow and Chow, US Application 
Photodiode Retinal Implants No. 09/539,399, 2000) 
(VGMMRIs) 


Location of Electrical Stimuli 

The electrical stimulation, if provided by implants such as 
the RSDs described above, may be provided subretinally, 
epiretinally, subsclerally (between the sclera and choroid), 
on the scleral surface, on the conjuctival surface and/or from 
or within any structure of the eye. Other means of providing 
electrical simulation to the retina and eye may include 
devices that deliver stimulation from the underside of the 
eyelid(s). Preferably, stimulation is from the subretinal 
space. Electrical stimulation from the exterior of the eyelid 
is not preferred. 

Implantation Sites and Surgical Methods 

In one embodiment, the RSD or RSDs is preferably 
implanted in the subretinal space in the periphery and/or 
mid-periphery of the eye, outside of the macula. More than 
one RSD is implanted, if needed, in an eye to stimulate a 
larger area of the retina, and multiple RSDs would prefer- 
ably be implanted in paracentral locations such as one in 
each of the four paracentral quadrants, approximately, but 
not limited to, 5 to 80 degrees peripheral to the macula. 

FIG. 9 is a cross-sectional view of an eye 6 showing an 
array 200 of RSDs 10 in the subretinal space. The RSDs may 
be spaced symmetrically around the macula in the peripheral 
or mid-peripheral regions of the eye in one embodiment. 
Alternatively, the RSDs may be spaced asymmetrically 
around the macula. In one embodiment, the RSDs are 
implanted at a position in the subretinal space between about 
a 5 degrees and an 80 degrees angle off-axis from the 
macula, where the angle is defined by an intersection of an 
axis line extending from the macula to a central portion of 
the pupil and an off-axis line extending from the retina 
stimulation device to the central portion of the pupil. The 
RSDs may also be implanted in the temporal half retina 
region and/or nasal half retina region, within the subretinal 
space. Any of a number of techniques and instruments may 
be used to perform the implantation into the subretinal space 
(Chow, U.S. Pat. No. 5,024,223, 1991; Chow and Chow, 
USS. Pat. No. 5,397,350, 1995). 

In yet another preferred embodiment, the RSD is designed 
to be implanted onto the epiretinal surface (i.e. on the nerve 
fiber layer side) of the retina. It is retained in position by 
retinal tacks, biocompatible glues, or other means known to 
one skilled in the art. In this embodiment, the photoactive 
side of the RSD, i.e. the side directed towards incoming 
light, is the anode of the photodiode. On the opposite side of 
the RSD chip is the cathode, contacting the nerve fiber layer 
surface. This preferred embodiment RSD is also implantable 
in the subconjunctival space on the anterior scleral surface. 
In this location, the RSD is placed between the conjunctiva 
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and the sclera just nasal, temporal, superior, or inferior to the 
cornea. From this location, incident light causes electric 
current to be produced by the RSD that is directed through 
the sclera into the retina by the contacting scleral cathode. 
The preferred locations are nasal and temporal to the cornea. 
The electrical ground return is at the anode and is in contact 
with the underside of the conjunctiva. Although the subcon- 
junctival/scleral placement of the RSD results in less effi- 
cient electrical stimulation of the retina compared to a 
subretinally or epiretinally placed RSD, the extraocular 
location of a RSD decreases the surgical risk to a patient 
since intraocular surgery would not be required for its 
implantation. The subconjunctival/scleral placement of a 
RSD also allows a stable RSD position to be achieved 
without fixating devices or glues (i.e., the device is held in 
place between the conjunctiva and sclera) used to secure 
epiretinal RSDs. 

Surgical methods are well known in the art (Peyman et al., 
2000). Descriptions of specific surgeries for RSD implan- 
tation have been extensively described (Chow, U.S. Pat. No. 
5,024,223, 1991; Chow and Chow, U.S. Pat. No. 5,397,350, 
1995; Chow and Chow, U.S. Pat. No. 5,556,423, 1996; 
Chow and Chow, 1997; Chow et al, 2001; Chow and 
Peachey, 1999; Chow and Chow, U.S. Pat. No. 5,895,415, 
1999; Chow and Chow, U.S. Pat. No. 6,230,057 Bl, 2001). 

For example, direct insertion may be accomplished as 
follows: the RSD (or a plurality of RSDs) is inserted into the 
vitreous cavity of the eye through a pars plana incision. A 
horizontal incision is then made through the retina from the 
vitreous side in the temporal portion of the posterior pole 
into the potential space between the photoreceptor layer and 
the retinal pigment epithelium. A horizontal incision made at 
this location avoids cutting inner retinal vasculature and is 
parallel to coursing nerve fiber layers, therefore also avoid- 
ing their injury. Illumination for surgery is provided by an 
optical fiber light pipe. The potential space is then be opened 
by cannula irrigation of a balanced salt solution into the 
subretinal space. 

The device is then placed into the subretinal cavity at the 
posterior pole under the macula area. Specifically, the device 
is placed between the retinal pigment epithelium and pho- 
toreceptor layer, or if the photoreceptor layer is atrophied or 
lost, then between the retinal pigment epithelium and the 
bipolar and horizontal cell layer. The device is positioned 
such that the electrical ground(s) is overlaying the retinal 
pigment epithelium, and the active electrode(s) faces inci- 
dent light. 

After insertion, a series of endolaserphotocoagulation or 
endocautery burns may be made around the periphery of the 
device to secure the device, although these burns may not be 
necessary in many cases. The scar tissue so formed around 
the periphery of the device by these burns may prevent the 
device from moving out of position in some patients. Endo- 
laserphotoco-agulation or endoelectrocautery may also be 
used to seal the retinal incision. Air or other medically 
approved gaseous compounds may also be injected into the 
vitreous cavity to tamponade the retinal opening during 
healing. The pars plana incision is then closed in the usual 
surgical manner. 

An alternate method for implantation of the RSD involves 
making an incision through the sclera just posterior to the 
ora serata. Dissection proceeds through the choroid, chorio- 
capillaris, Bruch's membrane and retinal pigment epithe- 
lium under stereo operating microscope control into the 
potential space between the inner and outer anatomical 
retinal layers. The artificial retinal implant is then inserted 
into this space and directed posteriorly towards the macula 
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by a pushing action imparted by a formed curved iris spatula 
or by use of an insertion guide. The RSD rests in the retinal 
periphery of the eye between the inner and outer anatomical 
retinal layers. 

In another approach, some devices can be implanted by 
simple injection into the subretinal space through cannulas. 
Preferably, the RSDs are placed in a vehicle such as a 
biocompatible liquid and injected into the subretinal space 
via a retinotomy incision using a cannula. Such a liquid 
vehicle may be a balanced salt solution or a more viscous 
material like methylcellulose. 

The retina is preferably illuminated by a light pipe to 
facilitate the injection of the RSDs. The cannula is intro- 
duced into the vitreous cavity of the eye via a pars plana 
incision. Dissection of the posterior vitreous is performed to 
separate the posterior hyaloid face from the retinal surface 
along with a vitrectomy. À small retinotomy incision is made 
through the retina following the direction of the nerve fiber 
layer using a stiletto type MVR blade. Dissection of the 
inner retina from the outer retinal layers is accomplished 
hydrostatically with the cannula using a fluid such as saline. 

When the retinal areas to be implanted have been pre- 
pared with cannula hydro-dissection, the liquid vehicle with 
suspended RSDs is injected. An attempt should be made to 
distribute the suspended RSDs in a uniform monolayer. The 
cannula is then withdrawn, and a heavier-than-water non- 
miscible material (preferably, a perfluorocarbon) is placed 
over the posterior pole of the vitreous cavity to aid settling 
the retina. The non-miscible material is preferably removed 
after an appropriate time, usually 15 to 20 minutes, leaving 
a reattached retina. Alternatively, air may also be used to 
settle the retina. With settling and reattachment of the retina, 
the implanted RSDs tend to distribute into the desired 
monolayer. 

Other surgical procedures and related materials will be 
evident to one of skill in the art and depend in part on the 
design of the RSD and the subject to be implanted. 

Growth Factors 

In addition to the endogenous retinal growth factors that 
are produced and released by electrical stimulation of retina 
cells by the methods of the invention, growth factors can 
also be instilled into the eye that further enhance retinal 
rescue and retina functional improvement. This additional 
step is attractive because Injecting growth factors, especially 
neurotrophic-type growth factors, have been reported to 
improve retinal function and provide limited neuronal rescue 
in eyes with retinal degeneration and dysfunction. These 
growth factors include, but are not limited to, glial cell 
line-derived neurotrophic factor (GDNF), nerve growth fac- 
tor (NGF), brain derived neurotrophic growth factor (BD- 
NGE), neurotropin-3 (NT-3), neurotropin-4 (NT-4), neu- 
rotropin-5 (NT-5), ciliary neurotropic factor (CNTF) and 
fibroblastic growth factor (FGF). These growth factors can 
be delivered to the eye by coating the RSD with growth 
factor(s) before implantation, by injection of the growth 
factor(s) into the locations of the subretinal space, vitreous 
cavity, subconjunctival space, subscleral space, and/or the 
anterior chamber either singly or in combination with each 
other, as a single dose or as multiple repeat doses before, 
during and/or after implantation of the RSD(s) or other 
electrical stimulating device. 

Amplitude, Pattern and Frequency of Stimulation 

Using the preferred RSDs, electrical stimulation is gen- 
erated upon exposure to visible and/or infrared light (400 to 
greater than 750 nm); in the case of MMRIs, the NIP 
configuration provides a current when illuminated with 
visible light (400-750 nm), while the PIN configuration 
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provides a current when illuminated with infrared light 
(greater than 750 nm). The RSDs, however, may be designed 
to respond to any wavelength or wavelength portions of 
ultraviolet, visible and/or infrared light, using methods and 
designs such as those described (Chow and Chow, U.S. Pat. 
No. 6,230,057 B1, 2001) and to produce any temporal 
pattern of stimulation. For example, the produced current 
per RSD may be 0.01 nA to 2,000,000 nA; most preferably 
1 to 5000 nA and the temporal pattern of stimulation may be 
monophasic, biphasic or complex combinations of 
monophasic and biphasic waveforms with varying ramps of 
increasing and decreasing current and voltage. Electrical 
stimulation may also be provided continuously or intermit- 
tently. The electric current output of the RSD will depend on 
the degree of RSD stimulation by the appropriate light 
wavelengths or wavelength portions of light. The voltage 
potential of the RSD output is -20V to +20V, preferably -5V 
to +5V, and most preferably -1V to 41V. 

Demonstration of Efficacy 

The demonstration of safety and efficacy of a preferred 
embodiment of this invention has been shown in multiple 
persons with retinal dysfunction that have been implanted 
with RSDs in the subretinal space as part of a clinical study 
to evaluate the feasibility of and effectiveness of these 
devices to act as prostheses. All persons so implanted have 
reported no complications and have reported improved 
levels of visual function subsequent to the placement of the 
RSDs. Such improvements have included improved percep- 
tion of light, darkness, contrast, shape, resolution, color, 
motion, and visual field size. It will be appreciated by those 
of skill in the art that the improved levels of visual function 
reported represent results of RSDs and methods discovered 
by the inventors to function well in the practice of the 
invention. However, those skilled in the art should, in light 
of the present disclosure, appreciate that many changes can 
be made in the specific embodiments that are disclosed and 
still obtain a like or similar result without departing from the 
spirit and scope of the invention. 

Equivalents 

Although particular embodiments have been disclosed 
herein in detail, this has been done for purposes of illustra- 
tion only and is not intended to be limiting with respect to 
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the scope of the appended claims that follow. In particular, 
it is contemplated by the inventors that various substitutions, 
alterations, and modifications may be made to the invention 
Without departing from the spirit and scope of the invention 
as defined by the claims. Other aspects, advantages, and 
modifications are considered to be within the scope of the 
following claims. 


The invention claimed is: 
1. A method of improving visual function of a damaged 
retina in a human eye, the method comprising: 
applying electrical stimulation to the eye with a source of 
electrical stimulation to improve visual function of the 
damaged retina, wherein applying electrical stimula- 
tion improves visual function of at least one structure of 
the damaged retina not in contact with the source of 
electrical stimulation, and wherein the electrical stimu- 
lation comprises a voltage potential, V,, of 
-20V 5175 +7. 
2. The method of claim 1, wherein the V, is -5VSV,S 4 
5V. 
3. The method of claim 1, wherein the V, is -1VSV,S+ 
1V. 
4. The method of claim 1, wherein said electrical stimu- 
lation is intermittent. 
5. A method of treating visual degradation resulting from 
a damaged retina, wherein the visual degradation comprises 
primary or secondary degradation, the method comprising: 
applying electrical stimulation to an eye containing the 
damaged retina with a source of electrical stimulation, 
wherein a portion of the damaged retina not in contact 
with the source of electrical stimulation is treated, and 
wherein the electrical stimulation comprises a voltage 
potential, V,, of -20VS V, S «20V. 
6. The method of claim 5, wherein the V, is -SV£V,£+ 
5V. 
7. The method of claim 5, wherein the V, is -1V SV, S 
1V. 
8. The method of claim 5, wherein the electrical stimu- 
lation is intermittent. 


